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Knowledge of the dynamic properties of the soil is of great importance as the dynamic shear modulus and 
damping ratio are necessary input data in ﬁnite element modeling programs. This paper presents a post-
processing strategy to identify the shear modulus and damping ratio vs. shear strain curves using the 
experimental results of a dynamic centrifuge program. Application is presented for the Fontainebleau 
sand. The proposed methodology is fast, robust and able to capture the nonlinear hysteretic behavior of 
the material. Based on the results, speciﬁc parameters for the Fontainebleau sand are identiﬁed for the 
empirical equation of shear modulus and damping ratio proposed by Ishibashi and Zhang [1]. It is found 
that conﬁning pressure has an important inﬂuence on both shear modulus evolution and damping ratio. 
1. Introduction
Taking into account the dependence of the shear modulus and the
damping ratio on the shear strain is crucial in order to apprehend
and simulate the cyclic behavior of soils. The accuracy of a numerical
simulation largely depends on the quality of the identiﬁcation of
these soil dynamic properties. The calibrated constitutive law should
be able to reproduce satisfactorily the monotonic loading back-bone
curve and the cyclic (loading–reloading) behavior [2].
Laboratory tests on specimens (triaxial cyclic or resonant column
tests) are usually used to estimate the dynamic properties of soils.
Centrifuge tests can also be chosen as an alternative solution. Although
deﬁnitely most costly, they avoid the physical constrains of the
laboratory element tests [3], such as boundary conditions due to
testing equipment and consolidation conditions. Furthermore, the
stress path followed in the centrifuge tests is more realistic.
Several studies concerning the determination of soil properties
from experimental stress–strain loops can be found in the litera-
ture. Pitilakis et al. [4] compared the results obtained by numerical
simulations with the stress–strain loops coming from centrifuge
tests (calculated using the method proposed by Zeghal and
Elgamal [5]) to verify the soil hysteretic response. Elgamal et al.
[6] studied the dynamic response of a saturated dense sand in a
laminated centrifuge container to estimate the shear modulus
reduction and the damping ratio and identiﬁed a conﬁnement
dependence. Brennan et al. [3] reported some key techniques
(such as inﬂuence of ﬁltering, double integration technique and
calculation of shear stress and shear strain) to evaluate the soil
properties from dynamic centrifuge tests. Conti and Viggiani [7]
proposed analytical expressions for the shear modulus and damping
ratio of sand using nonlinear calibration with the experimental data.
This paper presents a series of dynamic free ﬁeld centrifuge
tests on Fontainebleau sand with an embedded earthquake
(dynamic loading) simulator [8] and an equivalent shear beam
(ESB) container [9,10]. A general methodology is proposed for
processing the experimental data avoiding large dispersion and
the dependency of the shear modulus and the damping ratio on
the shear strain is studied. The speciﬁc regression parameters,
suitable for Fontainebleau sand, of the uniﬁed equation [1] are
identiﬁed and the inﬂuence of the conﬁning pressure on the shear
modulus reduction curves is taken into account.
2. Dynamic centrifuge experimental program
2.1. Material properties and centrifuge tests set-up
Dynamic centrifuge tests were performed to determine the
degradation curve of the shear modulus and the damping ratio.
The response of a dry sand column to dynamic input signals was
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analyzed. The sand used is of Fontainebleau type with ﬁne grain
size and uniform distribution [11]. The sand mass was prepared by
air pluviation at 1g gravity level. Its density was controlled to be
80%. Various measured material properties are listed in Table 1.
During the experimental program, two tests (Test-01 and Test-02)
were performed corresponding to two different input signals (see
Section 2.2). To ensure that the properties of the sand in the tests were
the same, in-ﬂight cone penetration testing (CPT) was used. The
maximum difference of the two CPT tests is about 5% which shows
good repeatability of the experiments.
All the dynamic centrifuge tests were performed using dry sand
under 40g level (to avoid confusion in scales and dimensions, all
the scales and dimensions in this paper hereafter will be in the
prototype scale). Accelerometers were buried into the sand during
the air pluviation to measure accelerations at different depths, see
Fig. 1. In the middle of the ESB container, a dense vertical array of
accelerometers (from channels CH-02 to CH-16) was placed to
capture the behavior of the soil column and thus to check any
possible boundary effect of the container. The vertical distance
between each sensor is about 1.2 m in the prototype scale
(i.e. 30 mm in the model scale). CH-29, CH-31 and CH-32 are used
to verify the displacements from the measured accelerations using
double integration.
2.2. Input signals
The design of the excitation signals is done considering
different signal types, input intensities and frequency contents.
First, in order to make the identiﬁcation process (relatively) easier,
simple sinus signals were adopted. Second, signals with different
intensities are used in order to be able to identify the shear
modulus and damping ratio at different shear strain levels. Finally,
signals with multiple frequency contents, within the shaker
capacity, were selected to study the frequency dependence of
the soil response.
The following two input signals were used: (1) a sine input
signal with tapered parts (Signal-1), as shown in Fig. 2 and (2) a
sine input signal with constant amplitude (Signal-2), as shown in
Fig. 3. Two centrifuge tests were performed, and Signal-1 and
Signal-2 were used in Test-1 and Test-2 respectively.
The input signal sequences for Test-1 and Test-2 are given in
Tables 2 and 3. For Test-1, both frequency and amplitude varied.
For Test-2 only the amplitude varied. Based on previous experi-
mental campaigns performed at the centrifuge facility, the funda-
mental frequency of the soil column was estimated approximately
equal to 3.5 Hz in the prototype scale (140 Hz in the model scale).
This is why the frequency content of the input waves was set in
the range between 2.0 Hz and 4.5 Hz (prototype scale).
3. Experiment data processing—key issues
It is well known that the over ﬁltering of data causes distortion
and can lead to incorrect interpretations [3]. Before applying a
ﬁlter, it is thus important to know the frequency contents of the
input signal in order to appropriately tuned the cut-off frequencies
and to remove unwanted noise avoiding over ﬁltering.
Take the 3.5 Hz input Signal-1 for example (Fig. 4) and its
frequency content (Fig. 5). Looking at the frequency representation
of the recorded signal it is obvious that during the centrifuge test
and due to the non-perfect response of the hydraulic shaker the
signal was unavoidably polluted by additional loading frequencies.
Signal ﬁltering is thus essential and necessary. One can divide the
signal into ﬁve parts (beginning, beginning of effective signal,
middle of effective signal, ending of effective signal and ending) as
shown in Fig. 4. In the following, the Fourier spectrum is plotted
for each part separately.
Looking at parts 1 and 5 that have almost the same frequency
content, a strong peak exits around 20 Hz as shown in Fig. 6. This
is due to the small mechanical vibrations of the shaker before the
arriving of the command signal, called “dither”. Since the “dither”
signal is regular with small amplitudes and has concentrated
frequencies, it has to be taken into account. The cut-off frequencies
for parts 1 and 5 are thus set at 10–30 Hz. For parts 2 and 4,
Table 1
Fontainebleau sand NE34: material properties [25].
Soil emin emax e ν Dr (%) γd (kN/m
3)
Fontainebleau NE34 0.545 0.866 0.520 0.25 80 16.155
Notes: e - void ratio (refers to [11]); ν – poisson ratio; γd – weight of sand; Dr –
relative density of sand.
Fig. 1. Dynamic centrifuge tests: experiment set-up.
Note: Dimensions are in mm (model scale).
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the inﬂuence of the higher harmonic frequencies cannot be
ignored, see Fig. 7. These frequencies are part of the input signal,
although unexpected, and can modify the total response. The cut-
off frequencies are set at 0.5–30 Hz. In a similar way, the cut-off
frequencies for part 3 (Fig. 8) are set at 0.5–25 Hz. As a ﬁnal
remark, for the ﬁve parts of the initial signal presented above, the
starting and ending points should be chosen close to 0 in order to
avoid or minimize the boundary distortion. This technique was
applied to all the signals processed in this paper.
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Fig. 2. Dynamic centrifuge test-1: input wave Signal-1 with tapered parts
(amplitude normalized).
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Fig. 3. Dynamic centrifuge test-2: input wave Signal-2 with constant (normalized)
amplitude cycles.
Table 2
Test-1: input sequence for Signal-1.
No. Signal type Max. amplitude (g) Frequency (Hz)
1 Signal-1 0.05 2
2 Signal-1 0.05 2
3 Signal-1 0.1 2
4 Signal-1 0.1 2
5 Signal-1 0.2 3.5
6 Signal-1 0.2 3.5
7 Signal-1 0.2 4.5
8 Signal-1 0.2 4.5
9 Signal-1 0.4 4.5
10 Signal-1 0.4 4.5
Note: Signal-1 is the sine signal with tapered parts.
Table 3
Test-2: Input sequence for Signal-2.
No. Signal type Max. amplitude (g) Frequency (Hz)
1 Signal-2 0.05 3.5
2 Signal-2 0.05 3.5
3 Signal-2 0.1 3.5
4 Signal-2 0.1 3.5
5 Signal-2 0.2 3.5
6 Signal-2 0.2 3.5
7 Signal-2 0.4 3.5
8 Signal-2 0.4 3.5
Note: Signal-2 is the sine signal with constant amplitude.
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Fig. 4. Signal-1: time vs. acceleration.
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Fig. 5. Signal-1: Fourier spectrum.
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Fig. 6. Signal-1: Fourier spectrum – parts 1 and 5.
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Fig. 7. Signal-1: Fourier spectrum – parts 2 and 4.
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4. Shear modulus
4.1. Maximum shear modulus proﬁle
The maximum shear modulus Gmax proﬁle at small-strain level
is a key parameter for geotechnical problems. Different studies
have shown that for ﬁne grained sand, the Gmax proﬁle depends on
the void ratio and the effective conﬁning pressure [12–14].
The following formula proposed by Hardin and Drnevich [15] is
often used to estimate the Gmax proﬁle:
Gmax ¼ A 
ðB−eÞ2
ð1þ eÞ
 sCc ð1Þ
where Gmax is in MPa, e the void ratio (0.52 for the Fontainebleau
sand at relative density 80%) and sc the conﬁning pressure. A, B
and C are constants taken as 200, 2.17 and 0.47 respectively
(Delfosse-Riday et al. [11]). The conﬁning pressure sc is calculated by
sc ¼
ð1þ 2K0Þγdz
3
ð2Þ
z being the depth and γd the weight of the sand. K0 expresses the
lateral soil pressure coefﬁcient exerted by the soil at rest.
The general form of K0 is
K0 ¼
ν
1−ν
ð3Þ
where ν is the Poisson ratio of the sand. For the speciﬁc case of
centrifuge physical modeling, Gaudin [16] proposed the following
equation to determine K0 (with Dr the relative density of the sand,
see Table 1):
K0 ¼ −
1
2:9
Dr þ 0:63 ð4Þ
In our case, the values obtained from Eqs. (3) and (4) are 0.333 and
0.354 respectively. In the following, K0 is taken equal to 0.354.
Another way to calculate the Gmax proﬁle is to use the shear
wave velocity at different soil layers. In dynamic centrifuge
experiments, the shear wave velocity proﬁle can be calculated by
determination of the time delay (cross-correlation) of the
signals between pairs of accelerometers. In order to be certain
that the shear wave velocity corresponds to a small-strain level
(i.e. the sand being in the elastic or in the nearly elastic range),
only the experimental data from low intensity exciting signals are
adopted hereafter. During the experimental campaign, two low
intensity signals were introduced (the sine signal input 2g–80 Hz
and the sine signal input 2g–140 Hz). Since the natural frequency
of the sand column is approximately 3.5 Hz in the prototype scale
(140 Hz in the model scale), only the data from the 2g–80 Hz signal
are used hereafter to calculate the shear wave velocity to avoid
possible nonlinear responses due to ampliﬁcation phenomena.
The strain level is estimated to be about 6.1610−3% (calculated by
double integration). The qualitative representation of the signal
delay is shown in Fig. 9.
Based on the signal delay (computed by cross-correlation)
between the soil layers, the shear wave velocity is calculated and
the shear modulus proﬁle can be determined from the following
equation:
Gmax ¼ ρV
2
s ð5Þ
where ρ and Vs are the density of the soil and the shear wave
velocity respectively.
The shear wave velocity for depths 0∼−6 m, −6∼−12 m and
−12∼−16 m are respectively calculated as 205.7 m/s, 246.0 m/s and
311.8 m/s. The maximum shear modulus proﬁles are calculated
using Eqs. (1) and (5) and the results are compared in Fig. 10.
According to Brennan et al. [3], using the signal delay between
accelerometers is less accurate. Nevertheless it provides an alter-
native way to verify the distribution of shear modulus vs. depth.
The comparison of the results provided by Eqs. (1) and (5) can thus
be only qualitative, however the two curves follow the same trend
and show signiﬁcant correlation.
4.2. Shear modulus evolution
4.2.1. Shear stresses
In centrifuge tests, shear stresses can be calculated indirectly
using the accelerometers measurements [3,5] according to the
following equation:
τðzÞ ¼
Z z
0
ρ €u dz ð6Þ
where τ is the shear stress at depth z and €u the absolute
acceleration. It is obvious that the accuracy of the calculation
depends on the acceleration proﬁle. Thanks to the large number of
accelerometers placed in the tests (see Fig. 1), detailed acceleration
proﬁles can be obtained by ﬁtting the acceleration data points as
shown in Fig. 11. Using a simple Newton–Cotes formula for the
numerical integration (e.g. trapezoidal integration) the shear
stresses can thus be obtained. Results are shown in Fig. 11 for a
speciﬁc time t (Test-01, input signal with tapered parts (0.2g–
3.5 Hz)). The trend of the acceleration proﬁle is shown by a spline
ﬁtted curve.
4.2.2. Shear strains
Double integration is used to calculate shear strains in the
different soil layers, a procedure that is also necessary to avoid
drifting of the results [3]. CH-29 (Fig. 1) is a laser sensor that
measured the distance between the two black blocks. CH-31 and
CH-32 are two accelerometers that can be used to measure the
same distance. The comparison for the Signal-1 is shown in Fig. 12
(a similar comparison was also performed for the Signal-2).
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Fig. 8. Signal-1: Fourier spectrum – part 3.
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Fig. 9. Dynamic centrifuge tests: seismogram of the input signal sine 2g–80 Hz.
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The good agreement of the comparison indicates the validation of
the adopted double integration process. By applying a double-
integration process on the discrete acceleration data, the displace-
ment ui at each sand layer zi can be calculated. Zeghal and Elgamal
[5] used an average shear strain equation to study data from
earthquake records based on the ﬁrst order derivative with respect
to depth. In this paper, due to the important numbers of accel-
erometers used in the experiment, higher order formulas are
applied for the calculation of the shear strains: ﬁrst order
(Eq. (7)), second order (Eq. (8)) and fourth order (Eq. (9))
respectively
γi ¼
ui−uiþ1
h
ð7Þ
γi ¼
ui−1−uiþ1
2h
ð8Þ
γi ¼
−ui−2 þ 8ui−1−8uiþ1 þ uiþ2
12h
ð9Þ
Note that when using the fourth order formula, four acceler-
ometers are necessary. At the bottom or near the top of the ESB
container only the ﬁrst or second order formulas have thus been used.
A schematic representation of the calculated shear strains is
shown in Fig. 13. It is obvious that when using the ﬁrst order
formula, the shear strain proﬁle is not continuous. For higher order
formulas however, smoother, more realistic proﬁles are obtained.
4.2.3. Shear stress vs. shear strain loops
The typical responses of the Fontainebleau sand in terms of
hysteresis loops (shear stress vs. shear strain) at different depths
are shown in Fig. 14 (Test-2, input signal with constant amplitude,
0.4g, 3.5 Hz). The shear strain level at the top layers is 0.55% while
at the bottom layer is about 0.05%. Compared to the small shear
strain level (6.1610−3%) used to estimate the shear wave velocity
in the previous section, it is evident that important nonlinearities
are developed at different depths and different conﬁning pressures
(especially at the top layers). Almost all the loops are well
centered, which makes easier the identiﬁcation of the hysteretic
response of the sand. It is also observed, qualitatively, that the
slope of the loop axis increases with increasing conﬁning pressure.
4.2.4. A post-processing strategy to quantify the variation of the
shear modulus with respect to the shear strain
Quantifying the degradation of the shear modulus with respect
to the shear strain and thus for the whole range of loading is not
an easy task since the experimental data are often distorted and
polluted by noise (e.g. background white noise or high frequen-
cies). This is particularly true in the small strain range
ð1 10−4%∼3 10−3%Þ, as shown in Fig. 15(a) (depth 1.2 m with
conﬁning pressure 11 kPa). The distorted hysteresis loops make
impossible to read the “correct” shear modulus (or the damping
ratio, see Section 5) [3].
A post-processing strategy is proposed hereafter to quantify the
variation of the shear modulus with respect to the shear strain.
The main ideas are:
 It is observed that when putting together several distorted
hysteresis loops, the new group tends to be more “smooth” and
representative of the soil behavior. For example, in Fig. 15 the
grouped hysteresis loops indicate a linear behavior for a small
strain level around 72.510−3%. One should thus select
adequately a group of hysteresis loops corresponding to the
same shear strain level.
 For a complete centrifuge test, different groups of hysteresis
loops corresponding to the same shear strain levels should be
carefully chosen. For each group, the corresponding average
Fig. 10. Gmax proﬁles using Eqs. (1) and (5).
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loop can be found and used to calculate the shear modulus (or
the damping ratio, see Section 5).
 The method to ﬁnd the average loop is illustrated in Fig. 16.
Each group of loops is divided into two parts using a cutting
plane (in Fig. 16, see the double dash line connecting the two
points with maximum distances from the center of the loops).
For the upper and the lower part, the mean values at different
cross-sections (S1, S2, …, Sn) can be found. The average loop is
the one passing through all the mean values points.
The proposed strategy is applied hereafter to the whole range of the
dynamic centrifuge experimental data. As shown in Fig. 17(a)–(e)
the method captures the average behavior for all the different
loading steps. In Fig. 17(a), corresponding to a small shear strain
level, the average loop is characteristic of an (almost) linear
response. The nonlinear behavior is obvious in Fig. 17(b)–(e)
when looking at the size of the hysteresis loops. The proposed
method gives satisfactory results even for complicated patterns
(see Fig. 17(d)). If just one single loop exists, the average loop
reduces to this single loop. Furthermore, even if this single loop is
open, the average loop is closed (see Fig. 17(f)).
The ﬁnal step is to calculate the equivalent shear modulus (Fig. 18)
according to the following equation:
G¼
τmax−τmin
γmax−γmin
ð10Þ
Applying the previous procedure to the experimental data coming
from the two different sine inputs (Figs. 2 and 3) the shear
modulus is calculated hereafter. In Fig. 19 (depth of 1.8 m), one
can see that results are similar for the two input loadings. This was
also veriﬁed at different depths of the container, see Fig. 20 (depth
of 5.4 m). It also proves that the response of the sand is, as often
quoted in the literature [14,17–19], hysteretic and frequency
independent. Since the tapered signal can provide a more
smoothed variation of shear strain, the results from sine input
with tapered signal (blue round points) are more consistent and
continuous than that from the sine input with constant amplitude
(red squares), see in Figs. 19 and 20.
In the following, the data coming from the two sine inputs are
merged in order to have a relative large database of the sand
response.
Fig. 13. Shear strain proﬁles using different order formulas.
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4.2.5. Empirical equation
The evolutions of the soil shear modulus and shear strain
during a cyclic are mainly controlled by the conﬁning pressure and
the soil plastic index. The effect of the conﬁning pressure has been
studied by Hardin et al. [20] and Iwasaki et al. [14]. Kokusho [21]
and Ishibashi [22] have found that its effect is more pronounced
for soils with a low plasticity index. Ishibashi and Zhang [1] have
proposed an empirical equation linking the maximum shear
modulus Gmax, the conﬁning pressure sc , the shear strain γ, the
plastic index PI and two parameters KðγÞ and mðγÞ−m0 that control
the evolution of the shear modulus. Speciﬁc values of these
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Fig. 17. Dynamic centrifuge tests: calculating the average loop at different depths: (a) 0.6 m (conﬁning pressure 11 kPa); (b) 1.2 m (conﬁning pressure 43 kPa); (c) 4.8 m
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Fig. 18. Equivalent shear modulus (G), elastic stored strain energy (W) and
dissipation energy ðΔWÞ.
Fig. 19. Dynamic centrifuge tests: shear modulus vs. shear strain of the Fontaine-
bleau sand layer at depth 1.8 m (conﬁning pressure 21 kPa)—two types of loading
signal. (For interpretation of the references to color in this ﬁgure caption, the reader
is referred to the web version of this article.)
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parameters (computed by nonlinear regression) for the Fontaine-
bleau sand are proposed hereafter, ﬁtted with the dynamic
centrifuge experimental data.
Since dry Fontainebleau sand was used in the experimental
campaign was dry, the plastic index is taken equal to PI¼0.
The empirical equation takes the following simpliﬁed form (γ in
(m/m) and sc in (kPa)):
G
Gmax
¼ KðγÞsmðγÞ−m0c ð11Þ
KðγÞ and mðγÞ−m0 are tuned to ﬁt the dynamic centrifuge experiment
data and are calculated according to Eqs. (12) and (13). The compar-
ison of the empirical equation results and the experimental data at
different depths (conﬁning pressures) is presented in Fig. 21:
KðγÞ ¼ 0:5
2
641þ tanhf
8><
>:ln
0
B@ 0:000102
γ
1
CA
0:6139>=
>;
3
75 ð12Þ
Fig. 20. Dynamic centrifuge tests: shear modulus vs. shear strain of the Fontaine-
bleau sand layer at depth 5.4 m (conﬁning pressure 53 kPa)—two types of loading
signal. (For interpretation of the references to color in this ﬁgure caption, the reader
is referred to the web version of this article.)
Fig. 21. Evolution of the Fontainebleau sand shear modulus normalized by Gmax at different depths. Experimental data vs. empirical equation results. (a) Depth 0.6 m,
conﬁning pressure 11 kPa. (b) Depth 4.2 m, conﬁning pressure 43 kPa. (c) Depth 7.8 m, conﬁning pressure 75 kPa. (d) Depth 9.0 m, conﬁning pressure 96 kPa. (e) Depth
12.6 m, conﬁning pressure 117 kPa. (f) Depth 16.0 m, conﬁning pressure 149 kPa.
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mðγÞ−m0 ¼ 0:34
2
41−tanhf
8<
:ln
0
@0:000556
γ
1
A
0:49=
;
3
5 ð13Þ
The proposed equations for KðγÞ andmðγÞ−m0 combined with Eq. (11)
capture the behavior of the Fontainebleau sand for different conﬁning
pressure levels. The inﬂuence of the conﬁning pressure level (CP) is
more highlighted in Fig. 22 (the precision of the processed data is
enough to limit the dispersion of data points especially for high
conﬁning pressures). For high conﬁning pressures the experimental
data become more scattered with higher uncertainties. For the same
shear strain level, the increase of conﬁning pressure induces higher
G/Gmax ratio. Also, high conﬁning pressures increase the elastic range
of the sand.
5. Damping ratio
5.1. A post-processing strategy to quantify the variation of the
damping ratio with respect to the shear strain
The post-processing method detailed in Section 4.2.4 is applied
hereafter in order to obtain the average loops at different depths,
Fig. 17. The equivalent damping ratio can then be estimated using
Eq. (14), considering the dissipated energy ΔW and the maximum
elastic energy W stored at each loop, see Fig. 18:
D¼
1
2pi
∮ τ dγ
0:25ΔτΔγ
¼
1
2pi
ΔW
W
ð14Þ
The application of the procedure to the dynamic centrifuge
experimental data gives the results presented in Figs. 23 and 24.
Although results present a higher dispersion at low strain level,
the damping value is estimated to be around 5%. In other words,
even at small strain level there is a certain energy dissipation.
5.2. Empirical equation
Hardin and Drnevich [20] and Tatsuoka et al. [23] proposed
a formula where the damping ratio D is expressed as a function of
G/Gmax, see Eq. (15). Ishibashi and Zhang [1] extended its applica-
tion for high plastic soils introducing the inﬂuence of the plastic
index PI.
For the case of the (dry) Fontainebleau sand used in the
dynamic centrifuge tests, the expression takes the form of
Eq. (16) after the appropriate ﬁtting (damping is expressed as
percentage (%))
D¼ f
G
Gmax
 
⇒ ð15Þ
D¼ 25:3 0:513
G
Gmax
 2
−1:351
G
Gmax
 
þ 1
( )
ð16Þ
The ﬁtting curve of the damping ratio is plotted together with the
data points from all the 14 sand layers for conﬁning pressures
ranging from 11 to 149 kPa in Fig. 25. It is found that the damping
ratio increases with the reduction of the shear modulus. This type
of graph gives us the possibility to quantify the damping ratio
directly from G/Gmax without plotting the damping vs. shear strain
relationships. One can see that when G/Gmax reaches its maximum
value 1, the damping ratio is about 4.1%. This is in accordance with
Fig. 22. Inﬂuence of the conﬁning pressure (CP) on the evolution of the Fontainebleau
sand shear modulus. Experimental data vs. empirical equation results.
Fig. 23. Dynamic centrifuge tests: damping ratio vs. shear strain of the Fontaine-
bleau sand at depth 1.8 m (conﬁning pressure 21 kPa)—two types of loading signals.
Fig. 24. Dynamic centrifuge tests: damping ratio vs. shear strain of the Fontaine-
bleau sand at depth 5.4 m (conﬁning pressure 53 kPa)—two types of loading
signals.
Fig. 25. Relationship between dynamic shear modulus and damping ratio.
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the results of Lanzo and Vucetic [24] that even at small strain
levels, there exists some energy dissipation. Using Eq. (16), the
damping ratio at different depths (conﬁning pressures) with
respect to the shear strain is plotted in Fig. 26. The inﬂuence of
the conﬁning pressure on the damping ratio is obvious. For the
same shear strain, low pressure conﬁned sand has a larger
damping ratio, see Fig. 27.
6. Conclusions
In this paper, dynamic centrifuge tests based on free ﬁeld
conditions were performed in order to identify the
Fontainebleau sand properties. A large number of sensors was
used to capture the response of the centrifuge model. A post-
processing strategy was proposed (with less dispersion com-
pared to previous studies) based on the deﬁnition of average
loops and the evolution of the shear modulus and the damping
ratio was quantiﬁed. Empirical equations from the literature
were validated and speciﬁc regressed numerical values are
proposed for the Fontainebleau sand. It is found that conﬁning
pressure has an important inﬂuence on both the shear modulus
evolution and the damping ratio. A low pressure conﬁned sand
tends to have a larger damping ratio and a greater shear
modulus reduction. The high conﬁning pressure tends to
enlarge the elastic range of sand.
Fig. 26. Evolution of the Fontainebleau damping ratio at different depths. Experimental data vs. empirical equation results. (a) Depth 0.6 m, conﬁning pressure 11 kPa.
(b) Depth 4.2 m, conﬁning pressure 43 kPa. (c) Depth 7.8 m, conﬁning pressure 75 kPa. (d) Depth 9.0 m, conﬁning pressure 96 kPa. (e) Depth 12.6 m, conﬁning pressure
117 kPa. (f) Depth 16.0 m, conﬁning pressure 149 kPa.
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